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ABSTRACT

Anew Caenorhabditis elegans homeobox gene, ceh-25,

is described that belongs to the TALE superclass of
atypical homeodomains, which are characterized by
three extra residues between helix 1 and helix 2. ORF
and PCR analysis revealed a novel type of alternative
splicing within the homeobox. The alternative splicing
occurs such that two different homeodomains can be
generated, which differ in their first 25 amino acids.
ceh-25 is an orthologue of the vertebrate Meis genes
and it shares a new conserved domain of
130 amino acids with them. A thorough analysis of all
TALE homeobox genes was performed and a new
classification is presented. Four TALE classes are
identified in animals: PBC, MEIS, TGIF and IRO
(Iroquois); two types in fungi: the mating type genes
(M-ATYP) and the CUP genes; and two types in plants:
KNOX and BEL. The IRO class has a new conserved
motif downstream of the homeodomain. For the KNOX
class, a conserved domain, the KNOX domain, was
defined upstream of the homeodomain. Comparison of
the KNOX domain and the MEIS domain shows
significant sequence similarity revealing the existence
of an archetypal group of homeobox genes that
encode two associated conserved domains. Thus TALE
homeobox genes were already present in the common
ancestor of plants, fungi and animals and represent a
branch distinct from the typical homeobox genes.

INTRODUCTION

The group of developmentally important transcription factor
encoded by the homeobox genes has been known since 1984

DDBJ/EMBL/GenBank accession no. AJO0053

shown that the extra amino acids are accommodated either
between helix 1 and helix 2, or helix 2 and helix 3. Several types
of atypical homeodomains have been observed (for review see
2,4). One particular group has emerged that has three extra amino
acids between helix 1 and helix 2 and has been given the name
TALE (three amino acid loop extensio&. Members of this
group are yeast MAT2 (9), maize Knotted-11(0), the human
protooncogene PBX1L{,12), and the transcription factors TGIF

(8) and MEIS1 (3), and the fly Iroquois complex gendsl). A
search of th€aenorhabditis elegargatabase ACeDB revealed

an EST with weak similarity toeh-2Q a PBX1 orthologue. Full
sequencing of the cDNA revealed that this geab;25 encodes

a homeodomain and is an orthologue of mddsis1 Given that
yeast is completely sequenced @dlegands sequenced to a
large extent, TALE homeobox genes were compiled and analyzed
to determine their relationships; this study shows that previous
analysis and classifications are incomplete or even incorrect. A
new classification and novel highly conserved domains are
described as a consequence of the analysis.

MATERIALS AND METHODS
Sequencing and PCR

cm12d8 was subcloned as two fragments into Bluedctibiag

the pRATII polylinker restriction sites and an interBalrH| site.
Sequencing was carried out with M13 forward and reverse and
sequence-specific primers (Microsynth Co.) using Sequenase
(USB) according to the manufacturer’s instructions. To test
alternative splicing, PCR was performed usirag) polymerase
(Boehringer) according to instructions on aullaliquot of an
embryonic Agtll library (generous gift of P.Okkema). 25mer

nealing temperature of 8D (30 s) and extension temperature
2°C (1 min) for 35 cycles in the first round. Aliquots of I5

%Er;ers from the indicated positions (FItA) were used at an

reviews see, for example,2). Typical homeobox genes encode ot the first reaction were used with the nested primers (.

the 60 amino acid long homeodomain. The structure of sever,
homeobox genes has been determined by NMR and X-ray
crystallography; it consists of threehelices which pack around

a hydrophobic core (for review, sge

der the same cycling conditions.

Sequence analysis

A particular subset of homeobox genes distinguish themselvBéast searches were performed using BLAST at the NCBI (
from typical homeodomains by having more or fewer tharfror initial sequence extraction and analysis the GCG package
60 amino acids in the homeodomain when the sequences été) was used. Sequences were aligned using MSE (generous
aligned @). Structural studies of such genes, i.e., yeast W2AT gift of W.Gilbert). Caenorhabditis elegansequence searches

(5) and the mammalian transcription factor LFBL7) have

were performed at http://www.sanger.ac.uk/DataSearch/. Phylo-

*To whom correspondence should be addressed. Tel: +41 61 267 2066; Fax: +41 61 267 2078; Email: burglin@ubaclu.unibas.ch
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Figure 1.ceh-250RF analysis.A) Schematic representation of #eh-250RFs. Two different ORFs (a and b) are found, that distinguish themselves in the first
exon of the homeodomain. The underlined portionatf-25marks the extend of the cDNA cm12d8. The ORFs are indicated by boxes, black regions mark the
homeodomain, grey regions the MEIS domain. 8, 9, 10 and 11 denote the primer positions used B)rfCHRafalysis of the alternative splicing analyzed on a
2% agarose gel. Lane 1: PCR performed with primers 8 and 9 on an aliquot of embryonic cDNA library (30 cycles), expesédeside®68 bp; the upper band

was not detected. Lane 2: aliquot of the 1. PCR reaction reamplified using primers 10 and 9 (20 cycles), expected baaae396-bamplification of 1. reaction

using primers 11 and 9 (20 cycles), expected band: 351 bp. Lane 4: same as 3, but 30 cycles. Restriction digestiorctf tidgqmesi@ and 4 withpal yielded

the appropriate sizes (data not shown).

genetic analyses were carried out using the programs Clug35398); XI XMeis1-1 (U68386); XI XMeis1-2 (U68387); The
talw 1.6 (ftp://ftp.ebi.ac.uk/pub/software/mac/clustalw.sea.hgx) following sequences were taken frorda0Q1): pZm knoxl
and PHYLIP 3.572 by J.Felsensteii7) (http://evolution. (Zmh1); pZm knox10; pZm knox11; pZm knox2 (Zmh2); pZm
genetics.washington.edu/phylip.html) on a Macintosh, trees wek@ox3; pZm knox4 (P11); pZm knox5 (B15); pZm knox6 (R6);
visualized using TreeView for Macintosh V1.2 by R.D.M.PaggZm knox7 (R7); pZm knox8 (P15); pZig3 (liguleless3.
(http://itaxonomy.zoology.gal.ac.uk/rod/treeview.html), and NJCaenorhabditis eleganssequences were obtained by ftp
PLOT by M.Gouy (in ClustalW). PUZZLELR) and PROTML from ftp.sanger.ac.uk in /pub/C.elegans_sequences/  (www:
by J.Adachi and M.Hasegawa were used on a SUN SPAR@tp://www.sanger.ac.uk/), and from www: http://genome.wustl.
Station5. ORFs of unfinishe@.elegansosmid sequences were edu/gsc/gschmpg.html. Several partial sequences and most ESTs
analyzed using Genefinder within ACeDBY. were not included.

Species codes: c:chicken; @eelegans d:Droso-
phila melanogasteHs: Homo sapiendMm: Mus musculusXl: RESULTS
Xenopus laevig-ungi: fCcCoprinus cinereu@inky cap fungus); ) _
fUm: Ustilago maydigsmut fungus); fScSchizophyllum com- ceh-25is an orthologue of mouse Meisl

mune (bracket fungus); fy:Saccharomyces CerevisiaéSp:  a eyt search of theC.elegansdatabase ACeDB1f) for the
Schizosaccharomyces pombBéants: pAtArabidopsis thaliana keyword ‘prl" (original name ofPBXJ) revealed a new cDNA,

(thale cress); pBrBrassica napugrape); pGmGlycine max 1548 annotated with a marginal blast score similarity to prl, a
(soybean); pHvHordeum vulgargbarley); pLe:Lycopersicon  pqmgioque ofceh-20that was described previousigZj. This
tesg:ulenttrjrr(n(t(zrr;a;o);ZpOZerza sativa(rice); pSt:Solanum  :pNA was completely sequenced and found to encode a new
uberosumpotalo), p£mzea mays atypical homeodomain that had not been properly identified due to
Accession numbers: ¢ AKR (U25358gh-20(U01303); dara ¢ separate frameshifts and other errors of the EST sequence
(araucar) (X95179); d caup (caupolica)) (X95178); dexd yjitin the homeobox. This gene was namelt-25and searches of
(extradenticle DpbX (S29960, 218864, P40427, L19295); he databases revealed several mammalian ESTs with high
fCcpl-1 (l-1 mating type protein) (X62336); fSCOA3  gimijarity, which were grouped together under a new class name,
(M97180, M80824); fSc AZ4 (M97181); fSc AZ5 (U22049);  ac (2). However, this analysis was incomplete and this group of
fSp matl-Pi (X07643); fUm bE1 (M58553, M30648); fUm bE2 genes has now been identified as the Meis ganes3(24).
(M58554, M30649); fUm bE3 (M58555, M30650); fUm bE4 ™ an ynfinished cosmid sequence (T28F12, Genome Sequenc-
(M58556, M30651); fUm bES (X54069); fUm bE6 (X54071); ing Center, personal communication) matcluiaely-25vas found
fUm bE7 (X54070); fy CUP9 (YPL177c) (L36815, Z73533); iy the C.eleganggenome project. Analysis of ticeh-25region
fy MAT a2 (P01367, LO00S9); fy YGLO96w (272168); Hs IRX2a py, Genefinder revealed that the ORF can be extended aétie: 5
(U90304, U90309); Hs PBX1 (prl) (M86546); Hs PBX2 (G17)fqr an additional five exons (FigA). Furthermore, an internal
(X59842); Hs PBX3 (X59841, P40426); Mm Pbx1 (L27453); Hsaxon geh-25)) different from that of the cDNAceh-253 was
TGIF (X89750); Mm mTGIF (X89749); Mm Meis1 (U33629, predicted. PCR analysis confirmed that alternative splicing
U33630); Mm Meis2 (U57343); Mm Meis3 (U57344); Mm gccurs and both exons are used (EB). The highly unusual
Mrgla (Meis1-related protein 1la) (U68383), Mm Mrglb (C-terfeatyre of these two exons is that they both encode an N-terminus
minal alternative splice of Mrgla) (U68384); Hs MRG2 qf the homeodomain. Thus each ORF can produce a protein with
(Meis1-related protein 2) (U68385); pAt ATH1 (X80126); pAt a distinct homeodomain that differs in the first 25 residues (Fig.
BEL1 (BELL1) (U39944); pAt KNAT1 (U14174); pAt KNAT2 ) The homeodomain of CEH-25 is 75% identical to that of the
(U14175) same as pAt ATK1 (X81353, X81354); pAt KNAT3 vertebrate Meis genes, a value typical for homeobox genes

(X92392); pAt KNAT4 (X92393); pAt KNATS (X92394); pAt orthologous between vertebrates and nematodes.
STM (Shootmeristemless) (U32344); pBn hd1 (229073, S41980);

pGm Sbh1 (L13663); pHv knox3 (Hooded) (X83518); pLe TKn
(U32247); pOs OSHL1 (D16507, JQ2379); pOs OSH45 (D49703,
D49704); pSt POTH1 (U65648); pZm Kn-1 (Knotted-1)To better understand the relationships of the TALE superclass
(X61308); pZm Rs1 (Rough sheathl) (L44133); pAT Z3539&0meobox genes, comprehensive searches of the sequence

lassification of the TALE superclass homeobox genes
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Figure 2. Compilation of TALE superclass homeodomain sequences. The homeodomain as well as the different classes are framed Fadctabpkzdson,
Antennapedia (Antp) is shown at the bottom. Dots represent identities to the consensus. The humbering scheme is apdBréindaos(bighlight particular positions.

databases (GenBank and EMBL), as well as of the unfinishethd MEIS @4). The genes of the KNOX class can be grouped into
sequences of the.elegansgenome project for TALE homeobox two families (Fig®2 and3), called family 1 and family 22(). The
genes were performed. Given that the complete yeast genofMeATYP genes are highly divergent. In addition, thstilago
sequence is available and that—including unfinished sequencestaydisand theSchizophyllum commuigenes have extra residues
large part of theC.eleganggenome is now availableg0% of the  between helix 2 and helix 3 of the homeodomain, which were
genomic sequencé) 90% of the genes; Steve Jones, personaémoved for all phylogenetic analyses in this study. Nevertheless,
communication), an overview of this group of genes becomdmcause they are clearly related functionally (mating type genes) as
feasible. More than 60 sequences were retrieved, and were classiiiell as structurally, they have been grouped together into the
based on their homeodomain sequences Fa3A and B). M-ATYP class Q). It has been proposed that the fly Iroquois
Some of the classes have already been defined previously, suclt@splex genes form a new clagg,@5). This is now confirmed by
PBC @2), KNOX (21), the fungal mating type genes M-ATYB (  the existence df.elegansnd vertebrate orthologues.
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Figure 3. Comparative and evolutionary trees of TALE homeodomain sequeAgd&3oifparative UPGMP tree generated by PILEBPNeighbor Joining tree
generated by ClustalW. Numbers at the branches indicate bootstrap values for 1000 trials. The different classes ahe aldozatesl. the typical homeodomain
of Antp was used as an outgroup.

Three additional new groups, TGIF, CUP and BEL, can beertebrates several members of each class exist, consistent with
identified (Fig.3), although they do not yet fully satisfy the the view of large scale genome duplications in chordate evolution
criteria for a new clasgl). The TGIF transcription factor8,26)  (see for exampl&€9,30).
have thus far only been described in vertebrates. However, they
form a distinct group, and orthologues in flies and worms mightaatures of the TALE homeodomain
exist. Similarly, the existence of severatabidopsis genes
[BELL1 and ATH1 @7,28), as well as the EST pAT Z35398] that The most characteristic feature of TALE homeodomains is that
are very different from the KNOX genes seems to indicate théiiey have three extra residues in the loop between helix 1 and
this BEL group could be a new class remaining to be found inelix 2 of the homeodomain. Furthermore, this loop is much more
other plants. This is supported by the fact that the homeodomaianserved than in typical homeodomains: positions 2426 are
intron positions of the KNOX and BEL genes are differenwirtually always proline—tyrosine—proline, except in the TGIF
(Fig. 5). The yeast CUP9 and YGL096w genes must have arisgmnoup, which has an alanine at position 24 (B)gThis turn is
through a duplication event. Orthologues from other fungi are naften followed by a serine or threonine and several acidic
yet known, but | refer to them as the CUP group. residues. Other differences are at residues 16 and 20, which

Searches of EST databases revealed mammalian membersuaf very highly conserved in typical homeodomains (leucine
the MEIS, TGIF and IRO class, as well as plant KNOX and BEland phenylalanine or tyrosine, respectivef). In TALE
members. These partial cDNAs, apart fromArebidopsisEST  homeodomains position 16 can be a leucine, methionine,
735398, were not included in the present analysis as they do mftenylalanine, even a cysteine, or serine and position 20 can be
add much additional information, but they do demonstrate that anphenylalanine, tryptophane, leucine or methionine. Residue 50
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in the DNA-binding helix 3 of the TALE homeodomains is inlong and bipartite, as there is a more variable region in the middle.
many cases a small, non-polar residue. In the IRO class it is lris separated from the homeodomain by a long variable region
alanine, in the PBC class it is a glycine, in most of the other gengsh in glycine and serine residues.

it is an isoleucine. Position 50 is very critical for the DNA binding During multiple sequence alignments, similarities between
specificity of the homeodomain (for exam#4), and in many the Meis and Knox genes were observed outside of the
typical homeodomains polar residues such as glutamine, lysitemeodomain. A consensus of the KNOX domain was estab-
cysteine, histidine or serine are found. The fact that in TALHEshed, and compared to the MEIS domain (B). Out of 17
homeodomains a small, non-polar residue is at that positi@bsolutely conserved positions in the KNOX domain, 10 are also
suggests that the DNA—protein interactions of TALE genes coultbsolutely conserved in the MEIS domain. Many additional
be of a very different nature. In the case of the PBC class withpasitions share the same residues, though not always perfectly
glycine, there might not even be a strong interaction with theonserved, and some positions have similar residues. Clearly, the
DNA, and additional specificity might be conferred by other partMEIS domain and the KNOX domain are both derived from the
of the protein, for example the N-terminal region of thesame common ancestral domain, the MEINOX domain.
homeodomain. The characteristic differences between typical

homeobox genes and the TALE class demonstrates that the TA

E .
genes constitute a distinct separate group. Ebolution of TALE homeobox genes

Three TALE superclass homeobox genes are found in the
Conserved motifs outside the homeodomain completely sequenced genomeSaterevisia¢hat can be grouped
into the M-ATYP and the CUP classes. In animals four different

The PBC domain, a large bipartite domain upstream of tHEALE groups have been found, PBC, MEIS, TGIF and IRO, and not
homeodomain of PBC class genes, has been described previomsny more are expected to surface. In plants the KNOX and BEL
(22). In addition taceh-2Q two other genes with similarity to the groups can be defined so far. A clear relationship exists between the
PBC class were discovered in fBeeleganggenome. F17A2.5 MEIS and KNOX classes because of their conserved MEINOX
contains a conserved PBC domain upstream of the homeodomdomain. The question arises as to whether it is possible to determine
(Fig. 4A). F17A2.5 is, however, in both the homeodomain andhow the different classes have evolved from each other. Several
the PBC domain, less similar to the fly and vertebrate genes thdifferent methods of evolutionary tree construction were used on the
CEH-20 suggesting that F17A2.5 might be the founder of a nelomeodomain sequences to elucidate that question (see Materials
family of PBC class genes. and Methods). A simple UPGMA analysis clearly differentiates the

Analysis of the cosmid sequence of F22A3 revealed no PBd@ifferent groups with exception of the fungal mating type genes
domain, only a PBC-like homeodomain. The ORF as predictg1-ATYP, Fig. 3A), which show high sequence divergence
by Genefinder did not splice the homeodomain properly; iflsometimes <20% identity in the homeodomain). The MEIS, TGIF,
Figure 2 the corrected splice is shown that results in a standaBEL, CUP and KNOX classes are marginally more similar to each
homeodomain. Given the lack of a PBC domain, the divergenther than to the PBC, IRO and M-ATYP classes. A Neighbor
homeobox sequence, and the poor splice acceptors in thaning tree analysis using ClustalW generated a similar picture
homeodomain, itis possible that F22A3.x is not a functional gené=ig. 3B). In that analysis, the different groups are clearly

Extensive sequence conservation has been observed betwdemarcated, and the KNOX, MEIS and BEL genes may be most
the three fly IRO gened 4,25). A comparison of the fly, human similar to each other, followed by CUP and TGIF. The bootstrap
and worm IRO sequences (F#&B) revealed that the sequence values indicate, however, that the branching pattern of the different
similarity is mainly restricted to the homeodomain region. Irclasses from each other cannot be significantly determined.
particular, an acidic patch downstream of the homeodomain ldaximum-likelihood analysis of selected sequences using Puzzle
noteworthy, which might serve as a transcriptional activationesulted in a tree which clearly clustered all the groups (again with
domain. In addition, a short moti#§) has not only been conserved exception of the M-ATYP genes), but the groups all branched from
in flies, but also in worms; IRO box is proposed here as a nantiee root (data not shown). A Puzzle analysis that excluded the
(Fig.4B). Searches of the C36F7.1 ORF and cosmid C36F7 did net-ATYP genes resulted in a tree in which KNOX, CUP, TGIF, BEL
reveal any obvious similarity to a second motif described in the flgnd MEIS were more similar to each other than to IRO and PBC
genes with similarity to thBlotchgenes Z5). (data not shown). But again the branching pattern of the different

The maize genknotted 1(10) has been the founding member classes was not statistically significant (being afi§%, data not
of a large group of similar genes in plants. The ELK domain, justhown). Finally, parsimony analysis was performed using Protpars
upstream of the homeodomain, has been descriti@d\/hile  (data not shown). Of the eight best trees generated by this method,
sequence comparisons of various Knotted-like genes have shosaven produced trees in which the BEL, TGIF, MEIS and KNOX
extensive conservation further upstream, the KNOX domain @lasses were most closely associated. CUP was clustered with some
about 100 amino acids, has previously not been definedi(Fjig. M-ATYP genes, while IRO and PBC grouped together.
At least one intron position has been conserved within the KNOX Overall, the trees suggest that KNOX and MEIS are more closely
domain between KNOX family 1 and family 2. A smaller, lesgelated, although TGIF, CUP and BEL are about equally closely
conserved element, the GSE box, is present between the KN@efated to MEINOX. IRO and PBC are consistently more distantly
domain and the ELK domain. related, in some cases they are a little more related to each other,

Comparison of the fulleh-250RF with the Meis genes revealed suggesting they could be derived from a common ancestor.
a novel, highly conserved domain upstream of the homeodomalnterestingly, this grouping is supported by the DNA-binding
termed MEIS domain (FigdD). The presence of a second characteristics; KNOX, CUP, BEL, TGIF and MEIS share an
conserved domain supports the notiondbht25s the orthologue isoleucine at position 9 of helix 3, while PBC and IRO have a
of the vertebrate Meis genes. The domain is about 130 amino adifigcine or alanine, respectively. The M-ATYP are virtually
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A PBC-A domain
Ce ceh-20 THPANLSELLDAVLKINEQTLD-. DNDSA]EKQELQCHPMRQALFDVLCE'I‘KEKTVL‘I‘VRNQVDETPEDPQLMRLDNMLVAEGVAGPD
d exd RKQKDIGE.I.QQIMS.S..S..-EA-Q.R.HT.N..R.KP...S....I .TQE.E.P. E.|..
Hs PBX2 RGKQODIGDI.QQIMT.TD.S..-EA-Q. A HA.N..R.KP...S. I 4SSQE.E v. E.
Hs PBX1 GRKQDIGDI.QQIMT.TD.S..-EA-Q.R.HA.N. .R.KP...N....T. .GAQE.E.T.. E.
Mm Pbxlb GRKQODIGDI.QQIMT.TD.S..-EA-Q.R.HA.N..R.KP...N....TI. GAQE.E.T E.
Hs PBX3 GRKQDIGDI.HQIMT.TD.S..-EA-Q...HA.N..R.KP...8....T....G.SI.GAQE.D.P. ..L. E.
Ce F17A2.5 ID..SE.V..TDM.M. NEA\I’NKI‘ PQIKIN.FYR.VQ...V.Q.S.ID.STKMMK.LEAQE- ND]" R S

PBC-B domain
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F17A2.5 ---S.L-RIQE.A.T.QYE...Q.LKV.RELEN. TKAFDKH KKWCEY .EDV.QQ.GEF. . .TQQST KFMNKMSG KVCFV TA E TIQ.KK.Y.
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e = e DNA-binding properties given the importance of the N-terminal
ETTT TSt PO PO P O O AUy SOy FUUOE VO SONN region for DNA binding (see for examplg). The possibility of
KKRKRGKLPKEATOILRAWLEORLIKNDY PSEEEKEALAQETGLTLK) TNNIE TNARRRT P duplicating exons containing only parts of conserved domains
| L suggests novel ways of tinkering with motifs and creating diversity.
SN .30 NP R ..cen25 MEIS
pAt BEL1, pAt ATH1 pAt BEL1, pAt ATH1 BEL
"ce 1, RO, . . .
He oz, G Fi7A25, PG, MEINOX, a homeodomain-associated domain
ceh-20, Ce F22A3.x, TGIF .
B N mTGIF conserved between plants and animals
pOs OSH1, pZm KN1, pZm RS, KNOX
At ATK1, pAt KNAT1, pAt STM . . . .
PO OSH4B, pHy Knokd The conservation of a homeodomain-associated domain between

plants and animals clearly demonstrates that the TALE superclass

of homeobox genes is very ancient and must have existed in the
Figure 5. Intron positions in the homeodomain are indicated under the TALE common ancestor of plants fungi and animals. Searches with this
consensus. Sequences are grouped according to classes. new motif have not revealed any other obvious sequence matches.

The function of the MEINOX domain is not known. Examination

impossible to classify due to their high variabilty and as &f the conserved residues suggests that it is perhaps not a
consequence they are mostly in the position of an outgroup. ANNA-binding domain, since it contains few conserved basic
analysis of the intron positions (F). does not shed much further residues. The domain is split into two subdomains, joined by a
light into the evolutionary history. It supports the notion that thd€Xible linker. Secondary structure predictions suggest that the
KNOX and BEL genes are distinct groups, but the intron positiofdEINOX  domain is  constituted ofa helices, some of
between KNOX and MEIS appear not to be conserved. Interestingfylich appear to be of amphipathic nature. Hydrophobic residues,
several TALE homeobox genes have an intron at position 44/45, t dich are likely to be relevant for the structure, constitute the major
same position where many typical homeobox genes have an intprtion of co_nserved positions. Perhaps it _functlons in protein—pro-
(4). Perhaps this intron position is extremely ancient, being alreadfyin interaction for homodimer or heterodimer formation.

present in a common ancestor of TALE and typical homeobox

genes. Evolution of TALE homeobox genes

The existence of a MEINOX TALE gene at the origin of plants and
DISCUSSION animals provides a clear anchor point for evolutionary consider-
ations. A further consideration is that in yeast, two groups of TALE
genes exist, M-ATYP and CUP, while in animals four groups, PBC,
The type of alternative splicing observed in the homeodomain MEIS, IRO and TGIF, have been identified. It seems likely that few,
ceh-25 wheretwo different exons can both encode part of thef any, further groups will be discovered in animals, since the
homeodomain, has previously not been seen in any oth€releganggenome project has sequenced a large part of the worm
homeobox gene. The POU homeobox gene tI-POU produces ggnome by now. In plants the situation is less clear; two groups,
alternatively spliced variant where two amino acids are missingNOX and BEL, have been identified so far, but Anabidopsis
in the N-terminus of the homeodomain giving rise to I-POUgenome project should give a much better overview in the future.
which is incapable of DNA binding®). Alternative splicing is also  Given that fungi have only two groups, it seems highly likely that
seen in HOX cluster genes: the first exon of human HOX3C cdhe ancestral organism of plants, fungi and animals did not have
splice over the homeobox of HOX3C into that of HOX38),(thus  more than two TALE homeobox genes. Thus, the four animal TALE
different homeodomain products can be produced from the samenes must have evolved from not more than two homeobox genes,
promoter. Alternative splicing that gives rise to transcripts lacking erhaps only from one. The various phylogenetic analyses suggest
homeodomain is also knowB4). Within the TALE superclass, that TGIF, MEIS, KNOX, CUP and BEL are more closely related
alternative splicing has been observed in PBE), MEIS (13,24) to each other than to IRO, PBC and M-ATYP. Thus, a likely
and KNOX (36). However, these alternative splices occur outsid@ypothesis is that MEIS, KNOX, TGIF, CUP and BEL all evolved
of conserved regions, in most cases giving rise to differences in tiem a common ancestral MEINOX gene, with MEIS and KNOX
C-termini of the proteins. staying most similar to that ancestral state.

The two alternative homeodomain exonséih-25have most The relationships of the PBC, IRO and M-ATYP classes are more
likely arisen through a duplication event from a single ancestralifficult to evaluate. PBC and IRO might be derived from each other.
exon. The ceh-25bspecific exon is more similar to the The M-ATYP class genes are highly divergent, making any
vertebrate Meis genes, suggesting dedi-25amight have altered assignment of that group to other classes virtually impossible.

Alternative splicing of ceh-25

Figure 4. Conserved sequence motifs outside of the homeodomain. Arrowheads mark intron positions, dots represent identitiesrtostheegppece, dashes indicate

gaps. A) PBC class genes with PBC domain and homeodorBifthe IRO class genes show extended conservation downstream of the homeodomain, in particular an
acidic region. The IRO box is located further C-terminal, the numbers indicate the number of omitted EsidNEXX(class genes. The KNOX domain, the GSE box

and the ELK domain are indicated. Above the KNOX domain, a consensus derived from the KNOX domain is shown. Bold cpitghligfteed with a yellow bar,

indicate absolutely conserved positions, capital letters indicate positions with three or fewer residues occurringlat paséitiol(Note: hydrophobic residues, marked

by @, i.e., I, V,L, M, F, Y, W, count as ‘one’ residue). Small letters indicate frequently occurring residues at a pesiiotethat are not perfectly conservé). MEIS

domain of the MEIS class genes. At the top of the panel, the consensus derived from the KNOX domain (Fig. 3C) is shoson @bthpaiNOX consensus and the

MEIS domain gives a consensus (shown in the middle) of those positions that have been conserved between KNOX and MEEBN®@Xneohsénsus; similar
conventions to derive the consensus as in Figure 3C were applied. Yellow bars indicate absolutely conserved positiditg bhaeksheonserved or similar residues
(similar residues: @ =1, V, L, M, F, Y, W; K, R; E,D).
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Biochemical and genetic data of the fungal mating type genes shows Gehring, W. J., Qian, Y. Q., Billeter, M., Furukubo-Tokunaga, K.,

that they interact with typical homeobox genes, which are also part \?\/C:‘t'ﬁrrlc ﬁ- E gg;z‘g;lzfsefglzi Dz-’zgﬁo'te“ M., Otting, G. and

.Of the _matlng type locus (for review sée,3€). Biochemical . 4 Blrglin, T.R. (1994) In’DuiaouIe, D. (edGuidebook to the Homeobox

interaction between a TALE homeobox gene and a typical GenesOxford University Press, Oxford, pp. 25-71.

homeobox gene has also been documented for PBC class genes. &0nolberger, C., Vershon, A. K., Liu, B., Johnson, A. D. and Pabo, C. O.

example, the human PBX genes interact with typical homeobox (1991)Cell, 67,517-528. _ o

genes of the HOX cluster (for review 9. Since both in fungi  © Sesf&;;‘éh‘g%‘?e{? M. Monadl, P., Nicosia, A, Cortese, R and Suck,

and anir_ne}ls TALI,E homeObo_X g.enes in,tera_Ct with typ[cal homeObO)f Léiging, B) De Fra’nce’sco, R_ Torﬁei, L., Cortese, R., Otting, G. and

genes, it is feasible that this interaction is an ancient conserved wyiithrich, K. (1993EMBO J, 12, 1797-1803.

feature and that the M-ATYP and PBC (and possibly IRO) class Bertolino, E., Reimund, B., Wildt-Perinic, D. and Clerc, R. G. (1995)

homeobox genes are derived from a common ancestral gene and the- Biol. Chem.270, 31178-31188. _

ancestral organism might have had a locus similar to a mating type taser'r']y% R :h;f]t(rj("’_?e;ﬁOgastoa'g'ébZ’lngg’ M- ggt"he”' K.,

locus. However, whether the putative common ancestral gene @f \qprecht, E., Veit, B., Sinha, N. and Hake, S. (19@ire 350 241243,

PBC/IRO/M-ATYP was the MEINOX gene, or a separate, Second kamps, M. P., Murre, C., Sun, X.-H. and Baltimore, D. (1994 60,

TALE gene present in the common ancestral organism, cannot be 547-555.

determined at present. The limited length of the homeodomait? 'S\IOSFS& dJ"c F"e"e”(,i”f'E’ggea'ﬂ'i’eg"s‘éﬁ""g‘f;’”‘ J., Stanbridge, E., Smith,
P : H H .D.an eary, M. L. ell, ) —. .

together with Fhe Iong eVOluuonary dISta.mceS InVOI.V.ed’ ”!akes ¢ § Moskow, J. J.,réullrich, (F H(?J)ebner, K., Daar, I. O. and Buchberg, A. M.

proper resolution of the deep branch points very difficult, irrespec=" 1995)mol. Cell. Biol, 15, 54345443,

tive of the computational method used. More data from other Species Gémez-Skarmeta, J.-L., Diez del Corral, R., de la Calle-Mustienes, E.,

such as sponges and coelenterates, from lower fungi and lower Ferrés-Marcé, D. and Modolell, J. (1998, 85, 95-105.

plants, as well as the complete sequenéeatfidopsisshould help 15 élésgcc;ljl' a-ol':-é%ilsgl\év-hgﬂgllirigvu Myers, E. W. and Lipman, D. J.

'[0_ unrave.l the eV.OIUIlonary history of the TALE home.ObOX gene 6 Devereux, J., Haéberli, P. and Smithies, O. (1B8#)eic Acids Regsl2,

Biochemical studies of the MEINOX genes could provide additional” 357 ags

helpful information; for example, are there other TALE homeobox7 Kuhner, M. K. and Felsenstein, J. (198%). Biol. Evol, 11, 459-468.

genes that interact with MADS box genes like M&T(for review 18 Strimmer, K. and von Haeseler, A. (1986)!. Biol. Evol, 13, 964-969.

See40)’) Or could some of the TALE homeobox geneS, such dg Durbin, R. and Thierry Mieg, J. (1991) Code and data available from

TGIF orMeis1, be partners for typical homeobox genes, in particular  27mous ';Z\F/’ servers lirmm.irmm.fr, cele.mrc-Imb.cam.ac.uk, and
those which have been shown not to interactmiEexd? Indeed, g volibrecht, E., Kerstetter, R., Lowe, B., Veit, B. and Hake, S. (1993)

genetic evidence suggests thiis1 could interact with posterior Evolutionary Conservation of Developmental Mechanishiey-Liss,
members of the HOX clustet ). Inc., pp. 111-123.

Nevertheless, several points can presently be made: the TARE Kerstetter, R., Vollbrecht, E., Lowe, B., \eit, B., Yamaguchi, J. and
homeobox genes have undergone much less diversification 2%1 Hake, S. (1994plant Cell 6, 1877-1887.

L . . . Burglin, T. R. and Ruvkun, G. (1992ature Genet.1, 319-320.
radiation in animals than the typical homeobox genes, for whi Nakamura, T., Jenkins, N. A. and Copeland, N. G. (1086pgengl3,

many more classes can be defined. The MEINOX genes represent2235-2242.
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. e . . h Genome Res?, 142-156.

animals; this ancestral organism might have had even two differ McNeill. H.. Yang, C.-H., Brodsky, M., Ungos, J. and Simon, M. A,
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